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(57) ABSTRACT

Coronatine has been found to enhance binding of the JAZ1
degron to the Arabidopsis F-box protein COI1, and analysis
of'the JAZ1 degron sequence has resulted in the identification
of specific peptide sequences that bind COI1 with high affin-
ity in the presence of coronatine. Crystal structure analysis
has determined that coronatine and JA-Ile enhance the inter-
action between COIl and JAZ1 via binding to a specific
binding pocket on COIl. Attachment of one or more JAZ1
peptide tags as disclosed herein to a target protein in a non-
plant cell expressing Arabidopsis COI1 or a homolog thereof
results in degradation of the target protein following addition
of'a molecule that binds the coronatine/JA-Ile binding pocket
on COI1. Therefore, provided herein are compositions, meth-
ods, and kits for targeted protein degradation.
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1
METHODS AND COMPOSITIONS FOR
TARGETED PROTEIN DEGRADATION

RELATED APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 61/352,758, filed Jun. 8, 2010, the
disclosure of which is incorporated by reference herein in its
entirety.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with government support under
grant number 2RO1CA107134 awarded by National Insti-
tutes of Health. The government has certain rights in the
invention.

BACKGROUND

Reverse genetic approaches are a powerful laboratory tool
for determining the function of a target protein. The target
protein is “knocked down,” and cellular changes are observed
in order to infer the normal function of the knocked down
target. Methods for knocking down a target protein by
manipulating DNA transcription and RNA translation are
well established. Among the most commonly used are gene
knockout in whole animals and degradation of target mnRNA
using siRNA and shRNA techniques. However, delivery of
RNA molecules can be cumbersome, and these methods often
cannot achieve 100% efficiency.

Although several methods exist for knocking down a pro-
tein target at the transcription and translation levels, there are
very few options for knocking down a protein target once the
protein has been made. Such methods are desirable because
most small molecule therapeutics operate by manipulating
proteins directly. Therefore, targeted degradation techniques
that operate at the protein level provide the best tool for
examining the potential effects of small molecule therapeu-
tics.

The ideal protein knock down system would function at the
protein level, and would be capable of tightly controlling
protein levels in a temporal manner. Temporal control of
protein levels allows down-regulation of proteins that are
essential for the full development of a system or pathway, and
can be used to study dynamic biological functions which are
otherwise difficult to manipulate.

SUMMARY

In certain embodiments, methods are provided for targeted
protein degradation. In certain of these embodiments, the
protein targeted for degradation is tagged with one or more
JAZ peptide tags as provided herein. The target protein is
expressed in a non-plant host cell that also expresses the
Arabidopsis protein COI1 or a homolog thereof, and a mol-
ecule that binds the COI1/JA-Ile binding pocket of COI1 is
introduced into the cell to induce target protein degradation.
In certain embodiments, the peptide tag comprises, consists
of, or consists essentially of an amino acid sequence as set
forth in SEQ ID NOs: 5, 6, 7, or 13. In certain embodiments,
the molecule that binds the COI1/JA-Ile binding pocket of
COI1 is coronatine, JA, or a JA amino acid conjugate such as
JA-lle. In certain embodiments, an inositol pentakisphos-
phate cofactor may also be introduced into the cell. In certain
embodiments, the non-plant host cell may be a eukaryotic cell
such as a yeast or mammalian cell. In certain embodiments,
the Arabidopsis protein COI1 or a homolog thereof may be
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COI1 from Arabidopsis thaliana or Arabidopsis lyrata, or it
may be a COI1 homolog from another plant or moss such as
rice, tomato, grape, poplar, castor oil, corn, rubber tree, pea,
wild tobacco, soybean, sorghum, wheat, or Physcomitrella
patens. The target protein may be either an endogenous host
cell protein or an exogenous protein. In those embodiments
wherein the target protein is an endogenous host cell protein,
the peptide tag may be attached to the target protein by intro-
ducing a DNA sequence encoding the peptide tag adjacent to
the DNA sequence encoding the target protein in the host cell,
such that the target protein is expressed with the peptide tag
attached. In those embodiments wherein the target protein is
an exogenous protein, the target protein may be introduced
into the host cell via a DNA sequence encoding the target
protein and the peptide tag. In certain embodiments, target
protein degradation may be halted by deactivating the mol-
ecule that binds the COI1/JA-Ile binding pocket of COI1 or
removing it from the cell. In other embodiments, target pro-
tein degradation may be halted by natural degradation of the
molecule that binds the COI1/JA-Ile binding pocket of COI1.

In certain embodiments, methods are provided for targeted
protein degradation. In certain of these embodiments, the
protein targeted for degradation is tagged with one or more
peptide tags comprising an amino acid sequence as set forth in
SEQ ID NOs:5, 6, 7, or 13. The target protein is expressed in
a non-plant host cell that also expresses the Arabidopsis pro-
tein COI1 or a homolog thereof, and coronatine or JA-Ile is
introduced into the cell to induce target protein degradation.
In certain embodiments, an inositol pentakisphosphate cofac-
tor may also be introduced into the cell. In certain embodi-
ments, the non-plant host cell may be a eukaryotic cell such as
a yeast or mammalian cell. In certain embodiments, the Ara-
bidopsis protein COI1 or a homolog thereof may be COI1
from Arabidopsis thaliana or Arabidopsis lyrata, or it may be
a COIl homolog from another plant or moss such as rice,
tomato, grape, poplar, castor oil, corn, rubber tree, pea, wild
tobacco, soybean, sorghum, wheat, or Physcomitrella patens.
The target protein may be either an endogenous host cell
protein or an exogenous protein. In those embodiments
wherein the target protein is an endogenous host cell protein,
the peptide tag may be attached to the target protein by intro-
ducing a DNA sequence encoding the peptide tag adjacent to
the DNA sequence encoding the target protein in the host cell,
such that the target protein is expressed with the peptide tag
attached. In those embodiments wherein the target protein is
an exogenous protein, the target protein may be introduced
into the host cell via a DNA sequence encoding the target
protein and the peptide tag. In certain embodiments, target
protein degradation may be halted by deactivating coronatine
or JA-Ile or removing them from the cell. In other embodi-
ments, target protein degradation may be halted by natural
degradation of coronatine or JA-Ile.

In certain embodiments, methods are provided for targeted
protein degradation in a non-plant host cell by fusing a target
protein to a peptide tag as provided herein, introducing a
DNA sequence encoding Arabidopsis COIl or a homolog
thereof into the host cell, culturing the host cell under condi-
tions that result in the expression of the target protein and
Arabidopsis COI1 or a homolog thereof, and introducing a
molecule that binds the COI1/JA-Ile binding pocket of COI1
into the host cell. In certain embodiments, the peptide tag
comprises, consists of, or consists essentially of an amino
acid sequence as set forth in SEQ ID NOs:5, 6, 7, or 13. In
certain embodiments, the molecule that binds the COI1/JA-
Ile binding pocket of COI1 is coronatine, JA, or a JA amino
acid conjugate such as JA-Ile. In certain embodiments, an
inositol pentakisphosphate cofactor may also be introduced
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into the cell. In certain embodiments, the non-plant host cell
may be a eukaryotic cell such as a yeast or mammalian cell. In
certain embodiments, the Arabidopsis protein COIl or a
homolog thereof may be COI1 from Arabidopsis thaliana or
Arabidopsis lyrata, or it may be a COIl homolog from
another plant or moss such as rice, tomato, grape, poplar,
castor oil, corn, rubber tree, pea, wild tobacco, soybean, sor-
ghum, wheat, or Physcomitrella patens. The target protein
may be either an endogenous host cell protein or an exog-
enous protein. In those embodiments wherein the target pro-
tein is an endogenous host cell protein, the peptide tag may be
attached to the target protein by introducing a DNA sequence
encoding the peptide tag adjacent to the DNA sequence
encoding the target protein in the host cell, such that the target
protein is expressed with the peptide tag attached. In those
embodiments wherein the target protein is an exogenous pro-
tein, the target protein may be introduced into the host cell via
a DNA sequence encoding the target protein and the peptide
tag. In certain embodiments, target protein degradation may
be halted by deactivating the molecule that binds the COI1/
JA-Ile binding pocket of COI1 or removing it from the cell. In
other embodiments, target protein degradation may be halted
by natural degradation of the molecule that binds the COI1/
JA-Ile binding pocket of COI1.

In certain embodiments, methods are provided for targeted
protein degradation in a non-plant host cell by fusing a target
protein to a peptide tag comprising, consisting of, or consist-
ing essentially of an amino acid sequence as set forth in SEQ
ID NOs:5, 6,7, or 13, introducing a DNA sequence encoding
Arabidopsis COI1 or a homolog thereof into the host cell,
culturing the host cell under conditions that result in the
expression of the target protein and Arabidopsis COIl or a
homolog thereof, and introducing coronatine or JA-Ile into
the host cell. In certain embodiments, an inositol pentak-
isphosphate cofactor may also be introduced into the cell. In
certain embodiments, the non-plant host cell may be a
eukaryotic cell such as a yeast or mammalian cell. In certain
embodiments, the Arabidopsis protein COI1 or a homolog
thereof may be COI1 from Arabidopsis thaliana or Arabi-
dopsis lyrata, or it may be a COIl homolog from another
plant or moss such as rice, tomato, grape, poplar, castor oil,
corn, rubber tree, pea, wild tobacco, soybean, sorghum,
wheat, or Physcomitrella patens. The target protein may be
either an endogenous host cell protein or an exogenous pro-
tein. In those embodiments wherein the target protein is an
endogenous host cell protein, the peptide tag may be attached
to the target protein by introducing a DNA sequence encoding
the peptide tag adjacent to the DNA sequence encoding the
target protein in the host cell, such that the target protein is
expressed with the peptide tag attached. In those embodi-
ments wherein the target protein is an exogenous protein, the
target protein may be introduced into the host cell viaa DNA
sequence encoding the target protein and the peptide tag. In
certain embodiments, target protein degradation may be
halted by deactivating coronatine or removing it from the cell.
In other embodiments, target protein degradation may be
halted by natural degradation of coronatine.

In certain embodiments, methods are provided for targeted
protein degradation in a host animal by introducing a DNA
sequence encoding the target protein linked to a peptide tag as
provided herein and another DNA sequence encoding Arabi-
dopsis COI1 or a homolog thereof, expressing the tagged
target protein and COI1, and then administering a molecule
that binds the COI1/JA-Ile binding pocket of COI1 to the
animal. In certain embodiments, an inositol pentakisphos-
phate cofactor may also be introduced into the cell. In certain
embodiments, the peptide tag comprises, consists of, or con-
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sists essentially of an amino acid sequence as set forth in SEQ
ID NOs:5, 6, 7, or 13. In certain embodiments, the molecule
that binds the COI1/JA-Ile binding pocket of COI1 is coro-
natine, JA, or a JA amino acid conjugate such as JA-Ile. In
certain embodiments, the animal is a mammal, and in certain
of these embodiments the animal is a mouse. In certain
embodiments, the Arabidopsis protein COI1 or a homolog
thereof may be COI1 from Arabidopsis thaliana or Arabi-
dopsis lyrata, or it may be a COIl homolog from another
plant or moss such as rice, tomato, grape, poplar, castor oil,
corn, rubber tree, pea, wild tobacco, soybean, sorghum,
wheat, or Physcomitrella patens.

In certain embodiments, methods are provided for targeted
protein degradation in a host animal by introducing a DNA
sequence encoding the target protein linked to a peptide tag
comprising, consisting of, or consisting essentially of an
amino acid sequence as set forth in SEQ ID NOs:5, 6, 7, or 13
and another DNA sequence encoding Arabidopsis COIl ora
homolog thereof, expressing the tagged target protein and
COI1, and then administering coronatine or JA-Ile to the
animal. In certain embodiments, an inositol pentakisphos-
phate cofactor may also be introduced into the cell. In certain
embodiments, the animal is a mammal, and in certain of these
embodiments the animal is a mouse. In certain embodiments,
the Arabidopsis protein COI1 or a homolog thereof may be
COI1 from Arabidopsis thaliana or Arabidopsis lyrata, or it
may be a COI1 homolog from another plant or moss such as
rice, tomato, grape, poplar, castor oil, corn, rubber tree, pea,
wild tobacco, soybean, sorghum, wheat, or Physcomitrella
patens.

In certain embodiments, non-plant host cells are provided
that comprise a DNA sequence encoding a target protein
linked to a peptide tag comprising, consisting of, or consisting
essentially of an amino acid sequence as set forth in SEQ ID
NOs:5, 6, 7, or 13 and another DNA sequence encoding
Arabidopsis COI1 or a homolog thereof. In certain embodi-
ments, the cells further comprise an inositol pentakisphos-
phate cofactor. In certain embodiments, the non-plant host
cell is a eukaryotic cell, and in certain of these embodiments
the non-plant host cell is a yeast or mammalian cell. In certain
embodiments, the Arabidopsis protein COI1 or a homolog
thereof may be COI1 from Arabidopsis thaliana or Arabi-
dopsis lyrata, or it may be a COIl homolog from another
plant or moss such as rice, tomato, grape, poplar, castor oil,
corn, rubber tree, pea, wild tobacco, soybean, sorghum,
wheat, or Physcomitrella.

In certain embodiments, methods are provided for target-
ing an endogenous target protein in a non-plant host cell for
coronatine- or JA-Ile-induced degradation by introducing a
DNA sequence encoding a peptide tag comprising, consisting
of, or consisting essentially of an amino acid sequence as set
forth in SEQ ID NOs:5, 6, 7, or 13 such that the DNA
sequence is inserted adjacent to the gene encoding the endog-
enous target protein, and such that the target protein is
expressed fused to the peptide tag.

In certain embodiments, peptides are provided for tagging
a target protein for degradation, and in certain of these
embodiments, the peptide tags comprise, consist of, or consist
essentially of an amino acid sequence as set forth in SEQ ID
NOs:5, 6, 7, or 13. Also provided in certain embodiments are
isolated nucleic acid sequences encoding these peptide tags,
as well as the use of the peptide tags in tagging target proteins
for degradation.

In certain embodiments, kits are provided for targeted pro-
tein degradation. In certain embodiments, these kits may
include one or more of the following: an isolated nucleic acid
encoding a peptide tag as provided herein, an isolated nucleic
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acid encoding Arabidopsis COI1 or ahomolog thereof, and a
molecule that binds the COI1/JA-Ile binding pocket of COI1.
In certain embodiments, the kit may further comprise a target
protein or an isolated nucleic acid encoding a target protein,
and/or an inositol pentakisphosphate cofactor. In certain
embodiments, the peptide tag comprises, consists of, or con-
sists essentially of an amino acid sequence as set forth in SEQ
ID NOs:5, 6, 7, or 13. In certain embodiments, the molecule
that binds the COI1/JA-Ile binding pocket of COI1 is coro-
natine, JA, or a JA amino acid conjugate such as JA-Ile. In
certain embodiments, the kit further comprises instructions
for use and/or other printed materials.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1: A. Binding of *H-coronatine (300 nM) to COI1
alone, JAZ6 alone, JAZ6/COIl, JAZ1/COIl, and
JAZ6F195A/COI1. B. Saturation binding of *H-coronatine to
the complex of COI1/ASK1 in the presence of JAZ1 (A, KD
of 68+15 nM) and JAZ6 (M, KD of 48+13 nM).

FIG. 2: A. Saturation binding of *H-coronatine (up to 3
uM) to the COI1/JAZ6 complex, isolated COI1, and isolated
JAZ6. B. Competition binding of 100 nM *H—COR with
(3R,78)-JA-Ile and (3R,7R)-JA-lle at a K, of 1.8+0.6 uM and
1819 uM, respectively.

FIG. 3: Binding of 300 nM *H—COR to JAZ1 proteins
truncated immediately after (A227-253) or before (A224-
253) the PY motif.

FIG. 4: Binding of 300 nM coronatine to COI1 in the
presence of various JAZ1 degron derivative peptides with
systematic N-terminal extensions.

FIG. 5: Saturation binding of COI1/ASK1 and the JAZ1
degron +5 peptide. The peptide bound COIl1 with a K, of
108+29 nM.

FIG. 6: Binding of coronatine to COI1 in the presence of
various JAZ1 degron derivative peptides.

FIG. 7: A, B. Structure of Arabidopsis COI1 (green rib-
bon)/Askl1 receptor protein (grey ribbon) complex bound to
JAZ1 degron peptide (orange ribbon) and (3R,7S)-JA-Ile in
yellow space fill representation. C. Surface representation of
COI1 (grey) with loop 2 (blue), loop 12 (purple), and loop 14
(green) forming the JA-Ile binding pocket.

FIG. 8: A, B. Side view of JA-Ile and COR binding. Hor-
mones are shown as stick models, along with positive F_-F_
electron density, calculated before they were built into the
model (red mesh). Hydrogen bond and salt bridge networks
are shown with yellow dashes. C. Top view of the JA-Ile
pocket showing the F_-F_ electron density, calculated before
JA-lle was built into the model (red mesh). The electron
density of the pentenyl side chain of (3R,7S)-JA-Ile cannot
accommodate the (3R,7R)-JA-Ile side chain, which is con-
strained by the chiral configuration at the C7 position.

FIG. 9: Alignment of Arabidopsis thaliana TIR1 (SEQ ID
NO:31) and various COI1 orthologs from select plant species
(drabidopsis thaliana, SEQ 1D NO:15; Solanum lycopersi-
cum, SEQ ID NO:18; Zea mays, SEQ 1D NO:23; Oryza
sativa, SEQ ID NO:17; Vitis vinifera, SEQ ID NO:19; Hevea
brasiliensis, SEQ 1D NO:24; Ricinus communis, SEQ 1D
NO:22; Pisum sativum, SEQ ID NO:25). Secondary structure
elements as determined in the crystal structure of the COI1/
ASK1/JAZ1 degron peptide/JA-Ile complex are shown ontop
of'the Arabidopsis thaliana COI1 sequence. Critical ligand-,
phosphate-, and substrate-contacting residues are indicated
by colored dots as described in the key.

FIG. 10: When bound to COI1, JA-Ile (yellow space fill) is
solvent accessible at both the keto group (top) and carboxyl
group (bottom).
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FIG. 11: A. Side view of the COI1 pocket accommodating
the pentenyl side chain of (3R,7S)-JA-Ile (yellow stick). The
pentenyl side chain of (3R, 7R)-JA-Ile (magenta stick) is mod-
eled on the structure of (3R,7S)-JA-Ile and rotated around the
C7-C8 bond to minimize collision with JAZ1 Ala 204 and
COI1 Phe 89. The electron clouds of nearby COI1 (green) and
JAZ1 (orange) side chains, as well as the pentenyl side chain
of (3R,7R)-JA-Ile (magenta) are shown in dot form. Ala 86
and Leu 91 of COI1 blocking the front view of the pocket are
omitted for clarity. B. Side view of (3R,7S)-JA-Ile (yellow
stick) and coronatine (cyan stick) showing a hydrophobic
pocket that accommodates both the aliphatic isoleucine por-
tion of JA-Ile and the cyclopropane ring of coronatine.

FIG.12: A. Top view of the complete JAZ1 degron peptide
(orange) bound to COI1 (green) and JA-Ile (yellow). B. Side
view and surface representation of the JAZ peptide, which
acts as a clamp to lock JA-Ile in the pocket.

FIG. 13:A. Interactions of the N-terminal region of the
JAZ1 degron with COIl1 and JA-Ile. Hydrogen bonds are
shown with yellow dashes. B. Structural role of the Arg 206
residue from the JAZ1 degron in coordinating the carboxyl
group of JA-Ile with three basic residues of the COI1 ligand
pocket floor. C. Top view of the amphipathic JAZ1 degron
helix bound to COI1 with three hydrophobic residues of JAZ1
shown in stick representation (orange) and COI1 residues in
colored surface representation.

FIG. 14: A. Binding assays performed with 100 nM
*H-coronatine, dialyzed COI1, and 1 uM synthetic InsPs. B.
Saturation binding of *H-coronatine to dialyzed COI1 in the
presence of 1 uM of InsPs and InsP, at a K, 0of 30+5 nM and
3748 nM, respectively. All results are the meanzs.e. of up to
three experiments performed in duplicate.

FIG. 15: Nano-clectrospray mass spectrometry of the
intact COI/ASK1 complex. Low-intensity charge series cor-
responds in mass to the cofactor-free COI1/ASK1 complex.

FIG. 16: Structural mass spectrometry analysis of the
COI1/ASK1 complex. A. Isolation at 4564 m/z of the 19+
charge state for tandem MS analysis (shown in blue in FIG.
24). B. MS/MS spectrum showing the dissociation products
of'ions isolated at 4588 m/z (shown in orange in FIG. 24).

FIG. 17: Optimized cofactor purification scheme.

FIG. 18: Proton TOCSY spectrum of the purified cofactor.
Numbers along the diagonal indicate the positions of the six
protons of Ins(1,2,4,5,6)Ps. The cross-peaks corresponding
to direct couplings are labeled. Other cross-peaks correspond
to relayed connectivities.

FIG. 19: TOCSY spectrum of a synthetic Ins(1,2,4,5,6)P5
as a standard.

FIG. 20: Mass spectrometry analysis of Ins(1,2,4,5,6)Ps
purified from recombinant COI1/ASKI1.

FIG. 21: A. Islands of positive F_-F_ electron density (red
mesh) below the hormone-binding pockets, which probably
belong to inorganic phosphate molecules from the crystalli-
zation solutions that displace InsPs from the InsP,-binding
site. B. Bottom view of a surface electrostatic potential rep-
resentation of COI1 from positive (blue) to negative (red).

FIG. 22: Surface conservation mapping of COI1. Conser-
vation mapping of COI1 surface based on sequences of COI1
orthologs from nine different species (4. thaliana, H. brasil-
iensis, R. communis, P. trichocarpa, V. cinifera, P. sativum, S.
lycopersicum, Z. mays, O. sativa). Dark blue, light blue, and
white surface regions indicate 98-100%, 60-98%, and <60%
sequence conservation, respectively. The F-box portion of
COI1 and its associated ASK1 are carved out for clarity
reasons. Four phosphate molecules bound to COI1 are shown
by red sticks. JAZ1 peptide and ASK1 are shown in grey.
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FIG. 23: A. Binding of *H-coronatine at 100 nM to a
complex of COI1 and JAZ1, with the addition of 1 uM syn-
thetic Ins(1,2,4,5,6)P5 (InsPs). B. With extensive dialysis to
remove the co-purified InsP; cofactor, 100 nM *H-coronatine
no longer binds dialyzed COIl in the presence of JAZI.
Synthetic InsP; rescues binding. C. InsP; rescues the binding
of 100 nM *H-coronatine to dialyzed COI1/ASKI in the
presence of JAZ1 with an EC,, of 27+12 nM.

FIG. 24: Interwoven hydrogen bond network in the com-
plex structure.

FIG. 25: A. Close-up view of COI1 residues (green stick) in
close vicinity to the inorganic phosphates occupying the
InsPS5 binding pocket (orange stick, with along with positive
F_-F_ density in red mesh). Hydrogen bonds are shown with
yellow dashes. B. Interaction of wild-type COI1 and COI1
mutants with JAZ1 detected by yeast two-hybrid assay.

DETAILED DESCRIPTION

The following description of the invention is merely
intended to illustrate various embodiments of the invention.
As such, the specific modifications discussed are not to be
construed as limitations on the scope of the invention. It will
be apparent to one skilled in the art that various equivalents,
changes, and modifications may be made without departing
from the scope of the invention, and it is understood that such
equivalent embodiments are to be included herein.

The following abbreviations are used herein: COR, coro-
natine; cpm, counts per minute; JA, jasmonic acid; JA-Ile,
jasmonyl-L-isoleucine; JAZ, jasmonate ZIM-domain; LRR,
leucine-rich repeat; ppm, parts per million; SCF, Skp1-Cul-
lin-F box protein; sdm, site-directed mutants.

There are currently no satisfactory methods for knocking
down a protein target in a temporally controlled manner using
targeted protein degradation. Several previous attempts at
developing such a method have utilized the ubiquitin protea-
some system. However, all of these methods have serious
drawbacks.

One method that employs the ubiquitin proteasome system
utilizes peptide-small molecule hybrids (“protacs™). These
chimeric molecules encourage binding of a target protein to
the SCFP7“ complex, resulting in proteolysis of the target
(Sakamoto 2000). However, the protacs used in these meth-
ods are not membrane-permeable, and therefore require
modifications to increase cell permeability or the use of
microinjection. Another disadvantage of this system is off-
target effects that arise from “swamping out” SCFF”* and
blocking its ability to interact with endogenous targets. Thus,
modification of endogenous SCF complexes has shown very
limited usefulness as a reverse genetics tool. Another previ-
ously developed method for targeted protein degradation uti-
lized chimeric fusions consisting of the target protein and
large binding domains of proteins targeted for degradation at
SCF complexes. One such system paired the target protein
with the chi retinoblastoma (Rb)-binding domain derived
from the human papillomavirus (HPV) oncoprotein E7 (Zhou
2000). This method showed some success in yeast and mam-
malian systems, but it is not inducible and requires the use of
anobstructive large tag. A similar chimeric approach required
engineering of the F-box protein §-TrCP with a small, phos-
phorylated peptide that encourages binding of a particular
target molecule to the F-box protein (Zhang 2003). However,
this system required a great deal of engineering in order for
the chimeric F-box protein to recognize only the target of
interest and not endogenous targets. Therefore, it has not been
widely used.
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Recently, researchers in Japan have developed a method
that utilizes the Arabidopsis and tomato auxin receptor TIR1
for rapid, hormone-induced protein degradation (Nishimura
Nature Methods 2009). TIR1 integrates into the yeast and
mammalian SCF scaffold and degrades proteins with the
AUX/TAA tag, the natural substrate of TIR1. However, this
tag is over 20 kDa, a large tag by biochemistry standards. A
smaller tag has not yet been identified. As such, the TIR1
system has limited usefulness.

The phytohormone jasmonic acid (JA) and its metabolites
regulate a wide spectrum of plant physiology, participating in
normal development and growth processes as well as defense
responses to environmental and pathogenic stressors. JA is
activated upon specific conjugation to the amino acid L-iso-
leucine, which produces the highly bioactive hormonal signal
(3R,78)-jasmonyl-L-isoleucine (JA-Ile). Coronatine (COR)
is a Pseudomonas syringae virulence factor that structurally
mimics JA-Ile.

The discovery of coronatine-insensitive mutants enabled
the identification of COI1 as a key player in the JA pathway.
Arabidopsis COI1 is an F-box protein that functions as the
substrate-recruiting module of the Skp1-Cullin-F box protein
(SCF) ubiquitin E3 ligase complex. Like other E3 ligases,
SCF“®! is involved in the ubiquitination of proteins, which
targets the proteins for subsequent degradation by the 26S
proteasome.

Arabidopsis jasmonate ZIM-domain (JAZ) proteins such
as JAZ1,JAZ6,JAZ7, and JAZS are SCF““" substrate targets
that associate with COI1 in a hormone-dependent manner. In
the absence of hormone signal, the JAZ proteins actively
repress the transcription factor MYC2, which binds to cis-
acting elements of jasmonate-response genes. In response to
cues that upregulate JA-Ile synthesis, the hormone stimulates
the specific binding of JAZ proteins to COIl, leading to
poly-ubiquitylation and subsequent degradation of the JAZ
proteins by the 26S proteasome. JAZ degradation relieves
repression of MYC2 and probably other transcription factors,
permitting the expression of JA-responsive genes. The role of
COl1-mediated JAZ degradation in JA signaling is analogous
to auxin signaling through the F-box protein TIR1, which
promotes hormone-dependent turnover of the AUX/IAA
transcriptional repressors.

The experimental results provided herein disclose the iden-
tification and characterization of a complete jasmonate recep-
tor comprising COI1, a JAZ peptide, and inositol pentak-
isphosphate. Coronatine was found to bind the complexes of
COI1/JAZ1 and COI1/JAZ6 complexes with high affinity
while displaying minimal binding affinity for COI1, JAZ1, or
JAZ6 alone. Crystal structure studies were used to identify a
coronatine- and JA-Ile-binding pocket on COI1. Binding of
these molecules to the COI1 binding pocket increases binding
affinity between COI1 and JAZ1. Coronatine has been found
to play a similar role in the binding of JAZ2, JAZ3, JAZ4,
JAZS, JAZ6, JAZS, JAZ9, JAZ10, JAZ11, and JAZI12 to
COI1. A single isoform of inositol pentakisphosphate (Ins(1,
2,4,5,6)P5) was found to co-purify with COI1, and functional
assays showed that this molecule is a critical cofactor in the
interaction between COI1 and JAZ proteins.

The COI1 binding region of JAZ proteins had previously
been mapped to a carboxy-terminal Jas motif. To precisely
map the minimal region of the Jas motif that it is required for
high affinity binding of COIl to JAZI1 in the presence of
coronatine, the JAZ1 degron and various derivatives thereof
were analyzed. This led to the identification of specific JAZ
peptide tags with enhanced binding affinity for COI1 in the
presence of coronatine.
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Provided herein in certain embodiments are compositions
comprising one or more JAZ peptide tags capable of binding
Arabidopsis COIl or a homolog thereof, as well as nucleic
acids encoding these JAZ peptide tags, methods of using
these peptide tags to mark a target protein for degradation,
and the use of these peptide tags in various methods and kits
for temporally controlled protein degradation.

In certain embodiments, the JAZ peptide tags provided
herein consist of, consist essentially of, or comprise the JAZ1
degron as set forth in SEQ ID NO: 1. In other embodiments,
the peptide tags consist of, consist essentially of, or comprise
an amino acid sequence that corresponds to the JAZ1 degron
of SEQ ID NO:1 but with one or more additions, deletions, or
substitutions. In certain of these embodiments, the peptide
tags consist of, consist essentially of, or comprise the amino
acid sequence of SEQ ID NO: 1 but with one or more dele-
tions from the C-terminal end. In certain other of these
embodiments, the peptide tags consist of, consist essentially
of, or comprise the amino acid sequence of SEQ ID NO:1 but
with one or more additions to the N-terminal end. In other
embodiments, the peptide tags provided herein comprise a
fragment of an Arabidopsis JAZ protein other than JAZ1,
such as for example JAZ2, JAZ3, JAZ4, JAZS, JAZ6, JAZS,
JAZ9, JAZ10, JAZ11, or JAZ12.

In certain preferred embodiments, the JAZ1 peptide tags
disclosed herein consist of, consist essentially of, or comprise
the amino acid sequence of SEQ ID NOs:5, 6, or 7. In other
preferred embodiments, the peptide tags consist of, consist
essentially of, or comprise an amino acid sequence that cor-
responds to the amino acid sequences of SEQ ID NOs:5, 6, or
7, but wherein one or more amino acid substitutions, addi-
tions, or deletions have been introduced into the sequence.
For example, in certain embodiments the peptide tags may
consist of, consist essentially of, or comprise the amino acid
sequence XX, X X, X;RRX;SLHRFLEKRKDRVX,,X, 5
X5uX55X56X57 (SEQ ID NO: 13), wherein X, X,, X3, X,,
and X are each independently absent or any amino acid, Xg
is either Ala or Lys, and X,,, X3, X54, Xs5, X546, and X, are
each independently absent or any amino acid. In certain of
these embodiments, X, is either absent, Glu, or Val; X, is
either absent, Leu, or Glu; X is either absent, Pro, or Arg; X,
is either absent or Ile; and X is either absent or Ala. In certain
embodiments, X, is either absent or Thr; X, is either absent
or Ser; X, is either absent or Lys; X5 is either absent or Ala;
X, 1s either absent or Pro; and X, is either absent or Tyr.

The small, unobtrusive peptide tags provided herein are
superior to the large chimeric tags used in previously devel-
oped methods for targeted protein destruction because they
are less likely to interfere with protein function, complex
formation, and subcellular localization. However, in certain
embodiments, the peptide tags disclosed herein may com-
prise a longer sequence, such as for example the full-length
JAZ1 polypeptide sequence as set forth in SEQ ID NO: 14 or
the full-length JAZ10 polypeptide sequence set forth in SEQ
1D NO:29. In other of these embodiments, the peptide tag
may comprise the full-length JAZ2, JAZ3, JAZ4, JAZS,
JAZ6, JAZ8, JAZ9, JAZ11, or JAZ12 polypeptide sequence.

COI1 binding to a protein comprising a JAZ peptide tag as
results in degradation of the protein. As disclosed herein,
binding of coronatine or JA-Ile to a specific binding pocket in
COI1 enhances the interaction of COI1 and the JAZ peptide.
Thus, targeted protein degradation can be accomplished by
tagging a target protein with a JAZ peptide tag as provided
herein, then contacting the protein with COI1 in the presence
of a molecule that binds to the coronatine/JA-Ile binding
pocket of COI1.
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As such, provided herein in certain embodiments are meth-
ods for targeted protein degradation that utilize one or more of
1) Arabidopsis COI1 or a homolog thereof, 2) a molecule that
binds the COI1/JA-Ile binding pocketin COI1, 3) one or more
JAZ peptide tags, and, optionally, 4) an inositol pentakispho-
sphate cofactor. Also provided herein are compositions and
kits for carrying out these methods.

The crystal structure analysis provided herein shows that
coronatine and JA-Ile interact with a specific set of residues in
the COI1 binding pocket that includes R85, A86, F89, .91,
R348, E350, A384, Y386, R409, V411, Y444, LA69, R496,
and W519 of SEQ ID NO:15. Therefore, a “molecule that
binds the COI1/JA-Ile binding pocket of COI1” as used
herein refers to a molecule that interacts with one or more of
these residues, and more preferably with all fourteen of these
residues. As used herein, a molecule “interacts” with a par-
ticular COI1 binding pocket residue if, when the molecule is
bound to COI1, any portion of the molecule resides within a
molecular distance that is within the hydrogen bond or Van
der Waals interaction radius (approximately 2.5 to 4 A) of the
residue. In certain embodiments of the compositions, meth-
ods, and kits provided herein, a molecule that binds the COI1/
JA-Ile binding pocket of COI1 is coronatine. In other embodi-
ments, the molecule is JA or a JA-amino acid conjugate such
as JA-Ile, JA-L-leucine, JA-L-valine, or JA-L-alanine.

In those embodiments of the methods, compositions, and
kits provided herein that utilize or comprise an inositol pen-
takisphosphate cofactor, the inositol pentakisphosphate
cofactor may be inositol-1,2,4,5,6-pentakisphosphate. In
other embodiments, the cofactor may be another molecule of
the myo-inositol family, such as inositol-1,4,5,6-tetrakispho-
sphate.

In certain embodiments of the methods provided herein,
one or more JAZ peptide tags are attached to or incorporated
into a target protein. In the presence of molecule that binds the
COI1/JA-Ile binding pocket of COI1, the JAZ peptide tag
(and hence the target protein) binds to Arabidopsis COll ora
homolog thereof with high affinity, resulting in target protein
degradation.

Unlike previously developed methods for targeted protein
destruction, the methods provided herein utilize small mol-
ecules that are membrane-permeable and require minimal
engineering. The methods provided herein are rapidly induc-
ible and easily reversible, and they do not require the use of
large, obstructive tags. Thus, these methods represent a
cheap, simple means for targeted protein destruction in vivo
that is significantly superior to previously developed meth-
ods.

In certain embodiments of the methods disclosed herein,
the target protein is tagged with one or more JAZ peptide tags
as disclosed herein. JAZ peptide tags may be attached to a
target protein using any methods known in the art. For
example, in certain embodiments the peptide tag may be
attached to the target protein prior to target protein expres-
sion. In these embodiments, a DNA sequence encoding the
peptide tag is introduced into the host cell adjacent to the
DNA sequence encoding the target protein, such that the
peptide tag is expressed as part of the target protein. Methods
for introducing a DNA sequence encoding a peptide tag into
a cell and expressing a protein attached to the peptide tag are
well known in the art. In other embodiments, the peptide tag
may be attached to the target protein after the target protein
has been expressed.

In certain embodiments of the methods disclosed herein,
the target protein is tagged with a single peptide tag. In other
embodiments, the target protein is tagged with two or more
peptide tags. In those embodiments wherein the target protein
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is tagged with two or more peptide tags, the peptide tags may
have the same or different sequences.

Previously developed targeted protein destruction systems
have generally utilized chimeric mammalian F-box proteins.
However, the methods disclosed herein utilize the Arabidop-
sis F-box protein COI1 or plant or moss homologs thereof. In
certain embodiments, the methods disclosed herein utilize
Arabidopsis thaliana or Avabidopsis [yrata COIl comprising
the amino acid sequence set forth in SEQ ID NOs: 15 and 16,
respectively. Specific plant or moss homologs that may be
utilized include those from rice (Oryza sativa, SEQ ID
NO:17), tomato (Solanum lycopersicum, SEQ 1D NO:18),
grape (Vitis vinifera, SEQ 1D NO:19), poplar (Populus tri-
chocarpa, SEQ ID NO:20 and SEQ ID NO:21), castor oil
(Ricinis communis, SEQID NO:22), corn (Zea mays, SEQ ID
NO:23), rubber tree (Hevea brasiliensis, SEQ ID NO:24), pea
(Pisum sativum, SEQ 1D NO:25), wild tobacco (Nicotiana
attenuata, SEQ 1D NO:26), soybean (Glycine max, SEQ ID
NO:27), sorghum (Sorghum bicolor, SEQ ID NO:28), wheat,
or Physcomitrella patens. COI1 and its homologs are prefer-
able to mammalian proteins because their high specificity for
plant substrates minimizes competition and unwanted degra-
dation of endogenous targets.

In certain embodiments, an Arabidopsis COI1 polypeptide
orahomologthereof may be introduced directly into a cell. In
other embodiments, one or more genes encoding Arabidopsis
COI1 or ahomolog thereof may be introduced into a cell such
that the cell expresses Arabidopsis COIl or a homolog
thereof. In these embodiments, the one or more genes encod-
ing Arabidopsis COI1 or a homolog thereof may be intro-
duced into a cell via any method known in the art, including
transformation or transient or stable transfection using viral
and non-viral vectors. In certain embodiments, the one or
more genes may be introduced using a viral vector such as an
adenoviral, retroviral, lentiviral, or baculoviral vector. Pro-
vided herein in certain embodiments are viral and non-viral
vectors comprising a DNA sequence encoding Arabidopsis
COI1 or a homolog thereof, as well as methods of using these
vectors to achieve expression of Arabidopsis COIl or a
homolog thereof in a non-plant host cell. In certain embodi-
ments, a DNA sequence encoding Arabidopsis COIl or a
homolog thereof may be incorporated into the host cell
genome. In other embodiments, Arabidopsis COIl or a
homolog thereof may be expressed from a vector that is not
incorporated into the host cell genome. The DNA sequence
encoding Arabidopsis COI1 or a homolog thereof can be
placed under the control of an endogenous promoter that is
naturally present in a host cell, or it may be placed under the
control of an exogenous promoter that has been introduced
into the cell in conjunction with the COIl or homolog
sequence. In certain embodiments, Arabidopsis COIl or a
homolog thereof may be constitutively expressed in the host
cell. In other embodiments, Arabidopsis COI1 or a homolog
thereof may be expressed in a regulated manner. In certain of
these embodiments, the DNA sequence encoding COI1 or a
homolog thereof may be placed under the control of an induc-
ible promoter, such as a chemically-regulated promoter or
physically-regulated promoter. In these embodiments, the
inducible promoter may provide an additional layer of control
over activation of targeted protein degradation.

In certain embodiments of the methods provided herein,
Arabidopsis COI1 or ahomolog thereof functions in conjunc-
tion with endogenous proteins to form a functional SCF<°*
E3 ligase in the non-plant cell into which COI1 has been
introduced. For example, exogenous COIl that has been
introduced into a cell may function in combination with
endogenous SKP1 to form a functional E3 ligase. Since SKP1
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is highly conserved among species, the resultant complex is
expected to be functional in most non-plant cell types. None-
theless, in certain embodiments, one or more DNA sequences
encoding SKP1 or other E3 ligase or ubiquitin pathway com-
ponents may be introduced into a cell along with the one or
more genes encoding Arabidopsis COI1 orhomologs thereof.
These other DNA sequences may be incorporated as part of
the same vector as Arabidopsis COI1 or ahomolog thereof, or
they may be introduced via one or more separate vectors.

In certain embodiments, one or more modifications may be
incorporated into Arabidopsis COI1 or a homolog thereof to
enhance the interaction between COI1 or a homolog thereof
and endogenous E3 ligase or other ubiquitin pathway pro-
teins. These modifications may include one or more addi-
tions, substitutions, or deletions to the encoded COIl or
homolog sequence. Modifications may also include the addi-
tion of one or more peptide tags or the introduction of one or
more covalent or non-covalent modifications.

In the methods disclosed herein, a molecule that binds the
COI1/JA-Ile binding pocket of COI1 modulates the interac-
tion between Arabidopsis COI1 or a homolog thereof and a
target protein tagged with a JAZ peptide tag. In certain
embodiments, the peptide tag will only bind Arabidopsis
COI1 or a homolog thereof in the presence of the molecule
that binds the COI1/JA-Ile binding pocket of COI1. In other
embodiments, the peptide tag may bind Arabidopsis COI1 or
a homolog thereof with very low affinity in the absence of the
molecule, but do so with a significantly higher affinity in the
presence of the molecule. The addition to or removal of the
molecule that binds the COI1/JA-Ile binding pocket of COI1
from a cell provides a precise mechanism whereby targeted
protein degradation can be turned on and off. For example,
coronatine can be introduced into a cell to induce specific
degradation, then withdrawn to halt degradation. Thus, the
methods provided herein allow for precise temporal control
of target protein degradation.

A molecule that binds the COI1/JA-Ile binding pocket of
COI1 may be introduced into a cell and/or animal via any
administration pathway known in the art. For example, the
molecule can be administered to a whole animal model via
oral or parenteral administration routes. Introduction of the
molecule into a host cell may be carried out via a single
administration or via multiple administrations over a set time
period. In certain embodiments, the molecule may be steadily
administered to a host cell or animal over a set period of time.
Withdrawal of the molecule from the host cell may occur via
natural degradation of the molecule or by active removal or
deactivation, such as by introduction of a neutralizing mol-
ecule that degrades or inactivates the molecule.

The methods and compositions disclosed herein may be
utilized for targeted protein degradation in any non-plant host
cell, including for example eukaryotic cells such as yeast or
mammalian cells. Accordingly, provided herein in certain
embodiments are non-plant host cells comprising DNA
sequences encoding a target protein, a JAZ peptide tag, and
Arabidopsis COIl or a homolog thereof. Also provided
herein are cell culture systems comprising such non-plant
host cells.

The methods and compositions disclosed herein may also
be utilized for targeted protein degradation in whole animals
and animal models. Therefore, in certain embodiments these
animals and animal models are also provided herein. In cer-
tain embodiments, the animal model is a mammalian animal
model, and in certain of these embodiments the mammal is a
rat or mouse, such as for example a knockout mouse model.

A target protein to be tagged for degradation using the
compositions and methods disclosed herein may be an endog-
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enous host cell protein. Alternatively, the target protein may
be an exogenous protein that has been stably or transiently
introduced into the host cell. In those embodiments of the
methods disclosed herein where the methods are carried out
in an animal model and wherein the target protein is an
exogenous protein, DNA sequences encoding the target pro-
tein, peptide tag, and Arabidopsis COI1 or ahomolog thereof
may be introduced into the animal using standard protein
knockout methods known in the art. For example, the DNA
sequences may be introduced into an embryonic stem cell
under the control of one or more exogenous or endogenous
promoters. This stem cell may be introduced into animal
blastocysts, followed by selection for progeny that are
homozygous for the introduction. Alternatively, the DNA
sequences may be introduced into the animal at a later stage
via one or more non-plant cells comprising each of these
DNA sequences or by direct transfection of one or more
animal cells. In those embodiments wherein the methods are
carried out in an animal model and the target protein is an
endogenous protein, DNA sequences encoding the peptide
tag and Arabidopsis COIl or a homolog thereof may be
introduced into the animal by transfection of one or more
animal cells. In these embodiments, the DNA sequence
encoding the peptide tag is introduced in such a manner that
is it is expressed as a fusion tag to the target protein.

In certain embodiments of the methods provided herein,
targeted protein degradation is accomplished by the steps of
1) tagging a target protein with one or more peptide tags
comprising, consisting of, or consisting essentially of an
amino acid sequence selected from the group consisting of
SEQ ID NOs:5, 6, 7, and 13, b) expressing the target protein
in a non-plant host cell, ¢) expressing Arabidopsis protein
COI1 or ahomolog thereofin the host cell, and 4) introducing
coronatine or a jasmonic acid-amino acid conjugate into the
host cell, resulting in degradation of the target protein.

In certain embodiments of the methods provided herein,
targeted protein degradation in a non-plant host cell is accom-
plished by the steps of 1) attaching a peptide tag comprising,
consisting of, or consisting essentially of an amino acid
sequence selected from the group consisting of SEQ ID NOs:
5, 6, 7, and 13 to a target protein, 2) introducing a DNA
sequence encoding Arabidopsis COI1 or a homolog thereof
into the host cell, 3) culturing the host cell under conditions
that result in the expression of Arabidopsis COIl or a
homolog thereof, and 4) introducing coronatine or a jasmonic
acid-amino acid conjugate into the host cell, resulting in
degradation of the target protein.

In certain embodiments, kits are provided for carrying out
targeted protein degradation in a non-plant host cell. In cer-
tain embodiments, these kits comprise one or more of the
following components: an isolated nucleic acid encoding a
JAZ peptide tag as disclosed herein, an isolated nucleic acid
encoding Arabidopsis COI1 or ahomolog thereof, amolecule
that binds to the coronatine/JA-Ile binding pocket of COIl,
and/or an inositol pentakisphosphate cofactor. In certain
embodiments, the kit may further comprise a target protein or
an isolated nucleic acid encoding a target protein. In certain
embodiments, these kits further comprise instructions for
usage.

The following examples are provided to better illustrate the
claimed invention and are not to be interpreted as limiting the
scope ofthe invention. To the extent that specific materials are
mentioned, it is merely for purposes of illustration and is not
intended to limit the invention. One skilled in the art may
develop equivalent means or reactants without the exercise of
inventive capacity and without departing from the scope of
the invention. It will be understood that many variations can
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be made in the procedures herein described while still
remaining within the bounds of the present invention. Itis the
intention of the inventors that such variations are included
within the scope of the invention.

EXAMPLES
Example 1

Effect of Coronatine on COI1 Binding to JAZ1 and
JAZ6

Various radioligand binding experiments were performed
to quantify the interaction between tritium (*H)-labeled coro-
natine and COI1/JAZ1 or COI1/JAZ6.

(®*H)-labeled coronatine was synthesized by Amersham.
Full-length Arabidopsis thaliana COIl and ASK1 were co-
expressed as a glutathione S-transterase (GST) fusion protein
and an untagged protein, respectively, in Hi5 suspension
insect cells. The COI1/ASK1 complex was isolated from the
soluble cell lysate by glutathione affinity chromatography.
After on-column tag cleavage by tobacco etch virus protease,
the complex was further purified by anion exchange and gel
filtration chromatography and concentrated by ultrafiltration
to 12-18 mg ml~!. Full-length JAZ substrate proteins were
expressed as 6xHis-fusion proteins in Escherichia coli and
purified on Ni-NTA resin with subsequent dialysis into 20
mM Tris-HCl, pH 8.0, 200 mM NacCl, and 10% glycerol.

Radioligand binding was assayed on purified proteins,
with 2 mg COI1/ASK1 complex and JAZ proteins at a 1:3
molar ratio. Reactions were prepared in 100 ml final volume
and in a binding buffer containing 20 mM Tris-HCI 200 mM
NaCl, and 10% glycerol. Saturation binding experiments
were conducted with serial dilutions of 3H-coronatine in
binding buffer. Nonspecific binding was determined in the
presence of 300 mM coronatine. Competition binding experi-
ments were conducted with serial dilutions of JA-Ile in the
presence of 100 nM *H coronatine with nonspecific binding
determined in the presence of 300 mM coronatine. Total
binding was determined in the presence of vehicle only. Two-
point binding experiments were performed in the presence of
100 nM or 300 nM *H-coronatine with nonspecific binding
determined in the presence of 300 mM coronatine. Following
incubation with mixing at 4° C., all samples were collected
with a cell harvester (Brandel, Gaithersburg, Md.) on poly-
ethyleneimine (Sigma)-treated filters. Samples were incu-
bated in liquid scintillation fluid for >1 hour before counting
with a Packard Tri-Carb 2200 CA liquid scintillation analyzer
(Packard Instrument Co.). Saturation binding experiments
were analyzed by nonlinear regression, competition binding
experiments by nonlinear regression with K, calculation as
described previously (Cheng 1973), and concentration-re-
sponse data by sigmoidal dose-response curve fitting, all
using GraphPad Prism version 4.00 for MacOSX.

3H-coronatine s